Abstract: Decomposition of cover crop mulches has received little attention in the scientific literature, particularly in the context of the organic rotational no-till systems adapted for the climatic conditions of the northern Great Plains of Canada. The objective of the study was to determine the effect of plant species and mulch application rate on cover crop decomposition and mulch quality parameters over time. Using the litter bag technique, six plant species and two mulch application rates were tested twice in field studies at Carman, Manitoba, Canada. Among the plant species tested, decomposition was the fastest with oilseed radish (Raphanus sativus L.) and the slowest with barley (Hordeum vulgare L.). The effect of application rate on mulch biomass was not consistent between experiments. Mulches released a large amount (46.4%) of their initial N content after only 30 days of field placement, for all levels of plant species and mulch application rates combined. Forty-four percent of initial N content still remained in the mulches by early May (Day 250), and may be available for the subsequent crops seeded in the spring or later in the crop rotation. This research provides us with valuable information on nutrient release, soil cover, and potential weed control from mulches.
Introduction
Cover crops are important contributors to soil fertility in organic farming. Legume-containing cover crops are particularly beneficial to crop productivity in this system by providing N to soils through biological N fixation. Cover crops are traditionally incorporated into the soil with tillage, to facilitate and accelerate their decomposition and nutrient release. A number of studies have investigated the contribution of incorporated cover crop biomass as a source of N for the subsequent crop in farming systems (Janzen and Radder 1989, Cherr et al. 2006) .
A new way of managing cover crops is to use rollercrimpers for their termination, without the need for tillage. This technique is a key component of organic rotational no-till systems (Mirsky et al. 2012; Carr et al. 2013) . In Manitoba, Canada, the organic rotational system consists of a spring-seeded cover crop grown until it reaches the flowering stage, which is then terminated by rolling in mid-summer using a roller-crimper. The cover crop mulch is then left on the soil surface over the fall and the winter, until a cash crop is no-till planted into the mulch the following spring. These rolled mulches provide weed control and N inputs for the subsequent crop (Vaisman et al. 2011; Halde et al. , 2015 .
No prior study has focused on the decomposition of cover crop mulches using the litter bag technique, in the context of an organic rotational no-till system. A better understanding of decomposition of surface-applied mulches will help to identify cover crop mulches suited for an organic rotational no-till in Manitoba. Suitable mulches are expected to decompose slowly (for extended soil cover and weed control) and to release N when the subsequent no-till planted cash crop requires it. Many questions remain unanswered about the synchrony of N release from mulches with the subsequent crop N requirements and possible N losses or immobilization in these reduced-tillage systems. Researchers have started to investigate the N contribution of rolled mulches in North America (Parr et al. 2011; Brown 2013; Wells et al. 2013 ), but studies on N dynamics in organic no-till systems are scarce.
Decomposition of rolled cover crops differs greatly from that of tilled cover crops, and this topic has received little attention in the literature. Mechanisms involved in surface-applied residue decomposition include microbial decomposition, leaching of N-rich compounds, and photodegradation (Berg and McClaugherty 2008; Henry et al. 2008; Austin and Ballaré 2010) . Many factors affect the decomposition of surface-applied cover crop mulches, such as mulch chemical properties, mulch physical properties, environmental properties, and the nature and abundance of the decomposing organisms.
The decomposition process has predominantly been explained with mulch quality parameters. Initial N content and C:N ratio play a predominant role in litter decomposition (Taylor et al. 1989; Parton et al. 2007) . Lignin content and lignin:N ratio also seems to determine the decomposition rate of different plant species (Cookson et al. 1998) . Other nutrients, such as Ca, Mg, K, P, and S, have also been found to influence the decomposition process (Neely et al. 1991) . Rolled cover crop mulches destroyed before physiological maturity have higher N concentration, lower C:N ratios, and lower lignin concentration than mature post-harvest crop residues and forest litter, which have been more widely studied (Taylor et al. 1989; Berg and Laskowski 2006) . The rolled plant material also includes the entire aboveground plant biomass, with its reproductive system, and not exclusively the stems.
Mulch physical properties are also an important determinant of the decomposition rate associated with these materials. Particle size of plant residues affects their decomposition by soil biota by influencing the physical protection of the material and the accessibility of its N (Angers and Recous 1997) . A mulch area index, e.g., the area-to-mass ratio of mulch multiplied by the dry mass of mulch, has been developed to quantify physical properties of mulches used in organic rotational no-till systems (Teasdale and Mohler 2000) . Some researchers have also advocated against the use of mulch quality parameters as the sole determinant of decomposition rate to give more importance to mulch physical properties (Ruderfer 2003) .
Environmental conditions such as temperature, soil moisture, and light intensity also affect the process of decomposition McClaugherty 2008, Manning et al. 2008 ). Litter decomposition is enhanced at higher moisture level (Manning et al. 2008) . Dry plant material decomposes more slowly than moist material, at similar nutrient concentrations (Enriquez et al. 1993) . Living plants and the decomposer community surrounding the litter can also affect litter decomposition. Decomposition of litter above the soil surface by the decomposer community may be limited more by habitat conditions than nutrient availability (Ruderfer 2003) . Surfaceapplied plant materials like cover crop mulches are not in direct contact with the soil solution. Therefore, cover crop mulches are rather hostile environments for the growth of certain microorganisms due to important variations in moisture and temperature.
The objective of the study was to determine the effect of plant species and mulch application rate on surfaceapplied cover crop decomposition and mulch quality parameters over time. Understanding the decomposition of cover crop mulches will provide valuable information on nutrient release, soil cover, and potential weed control from mulches.
Materials and Methods

Study site
Two separate 250 day litter bag decomposition studies (Experiments A and B in 2010 (Experiments A and B in -2011 (Experiments A and B in and 2011 (Experiments A and B in -2012 were conducted at two locations within a few metres of each other at the University of Manitoba Ian N. Morrison Research Station at Carman, Manitoba, in the northern Great Plains of Canada (lat. 49°2 9'53.200"N, long. 98°01'47.100"W) . The region of the study site has a cool subhumid continental climate. The study site was located within the Winkler Ecodistrict, which has a mean annual temperature of 3.1°C, a mean number of growing degree days (GDD) of about 1800 (T base =5°C), and receives about 515 mm of annual precipitation (Smith et al. 1998) . Soils in Carman are Black Chernozems (IUSS 2007) of the Hochfeld series that are moderately drained to imperfectly drained (Smith et al. 1998) . The study site has been managed organically since 2003.
Experimental design
The experimental design was a split-plot design with four blocks, with a 6 × 2 factorial within each main plot. The main plot factor was retrieval time of litter bags, whereas the subplot factors were plant species × mulch application rate. Four blocks (each 1.2 m × 2.4 m) were each divided into six main plots (each 1.2 m × 0.4 m), for each retrieval date. Each main plot included 12 litter bags (subplots) randomized within the main plot, representing six levels of plant species and two levels of mulch application rate.
The six plant species tested were hairy vetch (Vicia villosa Roth), field pea (Pisum sativum L.), oilseed radish (Raphanus sativus L.), sunflower (Helianthus annuus L.), flax (Linum usitatissimum L.), and barley (Hordeum vulgare L.), representing a wide range of mulch quality. The two mulch application rates (mulch mass per unit of area in the litter bag) tested were 0.5 kg m −2 (5 Mg ha −1 ) and 1.0 kg m −2 (10 Mg ha −1 ). The six retrieval dates of litter bags were Days 15, 30, 45, 60, and 250 after initial field placement of the litter bags, and an initial characterization of the mulch the day of the field placement, at Day 0. Two separate litter bag decomposition studies were conducted: Experiments A and B. Experiment A was conducted in 2010 and 2011, whereas Experiment B took place the subsequent years (2011 to 2012). Experiment A was initially planned to be conducted over 600 days (with 6 additional retrieval dates at Days 280, 310, 340, 370, 400, and 600), instead of 250 days. However, weeds growing into the litter bags after Day 250 in Experiment A confounded mulch biomass and mulch quality results, hence Experiment A was terminated after the sixth retrieval date (Day 250), and only six retrieval dates were planned for Experiment B.
Litter bags fabrication
To produce cover crop mulch to use in the fabrication of litter bags, all six cover crop species were seeded in June 2010 and 2011 in Experiment A and B, respectively, in a field adjacent to where the litter bags were placed. Above-ground biomass of field pea, oilseed radish, sunflower, flax, and barley was harvested manually on 26 July 2010 (53 days after seeding (DAS), 707 GDD) for Experiment A, and on 3 Aug. 2011 (55 DAS, 788 GDD) for Experiment B (MAFRI 2013a). Flax, oilseed radishes and barley were harvested at the flowering stage. Oilseed radishes and field peas were flowering and had set a few seeds, but these were not mature yet. Sunflowers were at the early-flowering stage and had reached 1.0 to 1.3 m high. Hairy vetch was harvested 16 to 18 days later, on 13 Aug. 2010 (71 DAS, 989 GDD) for Experiment A, and on 19 Aug. 2011 (71 DAS, 1008 GDD) for Experiment B, because hairy vetch had not reached full-blossom at the initial harvesting date. All plant species were clipped at a 5 cm level above-ground.
After harvesting above-ground biomass of all six plant species, this mulch was dried at 60°C for 48 h. Mulch was manually cut into 10 to 15 cm long pieces, to mimic field mulches. Litter bags (20 cm × 20 cm) were constructed with fiberglass mesh (RCR International Inc., Boucherville, QC, Canada). Consequently, fauna larger than 1 mm were excluded from the bags. Litter bags were filled with 20.0 g oven-dry mulch for the 0.5 kg m −2 application rate level, and 40.0 g for the 1.0 kg m −2 application rate level, for each plant species, indepedent of mulch biomass produced by each individual plant species in field conditions. These application rates are similar to the minimum biomass of cover crop mulches necessary for sufficient weed control in organic rotational no-till systems ranging between 6 and 8 Mg ha −1 , i.e., 0.6 and 0.8 kg m −2 (Mirsky et al. 2012; ).
Field placement of litter bags
Field placement of litter bags (Day 0) occurred on 31 Aug. 2010 and 2011 in Experiment A and B, respectively. Litter bags were placed on fields where oats (Avena sativa L.) had been grown and harvested earlier that year, to avoid any home-field advantage for one specific plant species tested (Ayres et al. 2009 ). The fields were not tilled after oat harvest. The oat stubble was cut and removed using a gas-powered portable string trimmer and a manual brush, to ensure adequate bag-to-soil contact. Litter bags were positioned directly on the soil surface and maintained in that position with four 15 cm long nails for each litter bag. Each block was also covered with 1.5 m × 5 m chicken wire in Experiment A to prevent wind damage to the litter bags. Chicken wire was not used in Experiment B, because of its questionable usefulness.
The study site was hand-weeded once a month, inbetween bags and in the 15 cm radius surrounding the litterbags. A few oat volunteers grew in some bags between Day 0 and Day 60, but their biomass was easily discarded from the desired species biomass at each retrieval date.
Data collection
Litter bags were collected at Days 15, 30, 45, 60 , and 250 after field placement (Table 1) . Litter bags were also collected the day of the field placement (Day 0) on 31 Aug. to estimate the loss of dry biomass due to field placement and bag removal from the field. All biomass values were corrected considering this initial loss, for all other dates. After field retrieval, litter bags in Experiment B were washed in water to remove soil residues, because a great amount of soil contaminated the mulch in Experiment B, thus possibly affecting the assessment of C and N concentration. Mulch was dried at 60°C for 48 h and weighed to determine dry remaining biomass. These samples were then ground to a 2 mm particle size with a grinder (Arthur H. Thomas Co., Philadelphia, PA, USA).
Dry mulch biomass collected in bags at Days 0, 30, 60, and 250 in Experiment A were analyzed for C concentration by Central Testing Laboratories Ltd. (Winnipeg, MB, Canada) and for N concentration by combustion analysis using a N analyzer (FP-528, LECO Co., St Joseph, MI, USA) at the Department of Plant Science of the University of Manitoba (Winnipeg, MB, Canada). Ratios of C:N were calculated on a dry matter basis. Carbon and N contents were calculated from their respective concentration and remaining mulch biomass and are expressed in percent of initial content. Nitrogen immobilization was considered to be an increase in the N content above its initial content. Only samples from Experiment A were analyzed for N and C concentrations, because samples from Experiment B had been highly contaminated with soil. Hence, mulch quality was not assessed in Experiment B and conclusions on mulch chemistry will only be done with data collected in Experiment A.
Statistical analyses and decomposition model
Statistical Analysis System 9.2 (SAS Institute Inc. 2008) software was used to conduct statistical analyses. To compare the effects of plant species, mulch application rate, time, and experiment repetition on remaining biomass, analysis of variance (α = 0.05) was conducted using the MIXED procedure of SAS. Fixed effects were plant species, mulch application rate, time, experiment repetition, and their interaction effects, whereas block (experiment repetition) and time × block (experiment repetition) were considered random effects. To compare the effects of plant species, mulch application rate, and time on mulch quality parameters in Experiment A exclusively, analysis of variance (α = 0.05) was conducted using the MIXED procedure of SAS. Fixed effects were plant species, mulch application rate, time, and their interaction effects, whereas block and time × block were considered random effects.
Outliers were identified using Lund's test (Lund 1975 ) and were removed. For each analysis, residuals were verified to conform to normality and homogeneity of variance. Independence of residuals was assumed through randomization. Means were separated using the Least Square Difference test. The Satterthwaite approximation (ddfm = Satterthwaite) was used for estimating denominator degrees of freedom and to produce a more accurate F-test approximation (Satterthwaite 1946) . Data from both experiments were combined to assess the effect of experiment repetition and its interactions with other factors on remaining biomass. However, since mulch quality was assessed only in Experiment A, the effect of experiment repetition on mulch quality was not tested using statistical analysis. Initial retrieval date (Day 0) data values were not included in the analysis of variance of the remaining biomass, but they were included in the analysis of variance of mulch quality. Correlation analyses were performed among remaining biomass of mulch and mulch quality parameters, using the CORR procedure of SAS (α = 0.05). To account for the influence of temperature on decomposition, time was adjusted using air temperature collected at the study site and time was expressed in temperature-adjusted days (tad) and in GDD. Temperature-adjusted time (expressed in tad) was calculated as described in Valenzuela-Solano and Crohn (2006) , using a value of 2 for Q 10 . The reference temperature (T r ) used for calculating tad in the present study was 0°C, which was similar to the daily mean air temperatures recorded during the 250 day study in Experiments A and B (−3.6 and 0.7°C, respectively).
Mulch decomposition constants (k) were estimated for three temporal approaches (day, tad, and GDD) using the standard first-order decay function:
where M t is dry mass of the decaying material at time t and M 0 is initial dry mass of the decaying material (Swift et al. 1979; Vivanco and Austin 2008) . Curve fitting was performed using the NLIN procedure of SAS. The remaining biomass was fitted to an exponential decay curve for each individual species and mulch application rate level. Data from each experiment repetition were fitted separately to the exponential decay model. The GaussNewton method was the non-linear least squares method used to estimate the regression parameters.
To determine the best temporal approach [t(day), t(tad), or t(GDD)] modeling the data, the values of root mean squared error (RMS E ) were compared. A model with low RMS E was identified as the best fit model.
Using the best temporal approach, individual k was calculated for each block of each experiment separately and for each main effect tested (plant species and mulch application rate). Analysis of variance (α = 0.05) was conducted on these k values using the MIXED procedure of SAS to compare the effect of plant species and mulch application rate on k.
Results
Environmental conditions
Cumulative precipitation for the duration of the 250 day study (31 Aug. to 7-8 May) was greater in Experiment A than in Experiment B, but both were under the 30-yr average (Table 1 ). The study site had received 138 and 12 mm in the 30 day period prior to the placement of the litter bags in the field (1-30 Aug.) in Experiments A and B, respectively. More GDD accumulated over the duration of the study in Experiment B than in Experiment A (Table 1) , because the two decomposition studies were conducted in different years. Mean daily air temperature was greater during Experiment B than Experiment A, for most retrieval periods.
Initial characteristics of the mulches
Initial mulch quality varied greatly among plant species. Hairy vetch had the highest N concentration (4.8%, Table 2 ). Other plant species in the present study had initial N concentrations ranging between 2.3 and 3.2%. Initial C:N ratios varied greatly between plant species (11.2-23.0), with hairy vetch having the lowest C:N ratio and a C:N ratio half of that of flax and barley (Table 2) .
Remaining mulch biomass as affected by plant species, mulch application rate, and time
The effect of plant species on mulch decomposition varied over time and experiment repetition, as indicated by the significant plant species × time × experiment repetition interaction effect on remaining biomass of mulch (P = 0.020, n = 474). A trend towards overall lower remaining biomass for oilseed radish, and overall higher remaining biomass for barley was observed in both experiments (Fig. 1) . Oilseed radish had the fastest overall decomposition of all mulches. In Experiment A, remaining biomass of oilseed radish was the lowest of all other plant species, for all dates (Fig. 1) . In Experiment B, oilseed radish had a significantly lower remaining biomass than all other plant species at Days 45 and 60. Overall, barley decomposed slower than other mulches. In Experiment A, remaining biomass of barley was higher than that of all other plant species at Day 30, and not significantly different than that of flax at all other dates (Fig. 1) . This trend was less clear in Experiment B.
The interaction effect between mulch application rate, time, and experiment repetition on remaining biomass was marginally significant (P = 0.087, n = 474). In Experiment A, mulches of greater application rate (1.0 kg m mulches at Days 30, 60, and 250 (Fig. 2) . Inversely, in Source of variation ------P value--------Plant species *** *** *** ***Significant at the 0.001 probability level. z Within column of a same response, means followed by the same letter in italic type are not significantly different from each other according to LSD test at α = 0.05 (n = 47 for N concentration and n = 48 for all other responses).
Experiment B, mulches of lower application rate decomposed slightly faster than mulches of greater application rate, with significantly lower remaining biomass in 0.5 kg m −2 mulches than 1.0 kg m −2 mulches at Days 30, 45, and 60. There was no significant difference in remaining biomass between both application rates at Day 15, in both experiments. Fifteen days after field placement of litter bags, mulches in litter bags had already lost an average of 14% of their initial biomass. Mulches in litter bags lost, on average, 28 and 12% in the first 30 days of the study, in Experiments A and B, respectively. No significant loss of mulch biomass was observed between Day 15 and Day 60 for hairy vetch, field pea, and barley, in Experiment B. Biomass of all other plant species significantly decreased between Day 15 and Day 60, in both experiments. There was a significant decrease in remaining biomass overwinter for most plant species. Mulch biomass decreased, on average, 11 and 17% overwinter, in Experiments A and B, respectively, varying among plant species and mulch application rate (Figs. 1 and 2 ).
Decomposition constant
The three temporal approaches tested allowed the calculation of a k independent of local temperatures and that are more easily compared among other studies. The model using t(GDD) reduced the values of RMS E for all levels of plant species and mulch application rate in Experiment A, and for most levels of these two factors of interest in Experiment B (Table 3) . Therefore, the t(GDD) approach was used to determine k for all plant species and mulch application rate.
Oilseed radish had the highest k of all plant species in both experiments (Table 3) . Barley had the lowest k in Experiment B, but k of barley did not differ from those of field pea and flax in Experiment A. There was also a significant difference in k between mulch application rates. Decomposition constants were greater for mulches of 1.0 kg m −2 than 0.5 kg m −2 in Experiment A, whereas the opposite was observed in Experiment B (Table 3) , supporting the prior observation that the effect of mulch application rate on remaining mulch biomass differed between experiment repetitions.
Mulch quality as affected by plant species, mulch application rate, and time, in Experiment A
The effect of plant species on C content varied over time (Table 4 ). There was no significant change in C content between Day 30 and Day 60 for plant species other than field pea and oilseed radish (Table 5 ). The decrease in C content overwinter (Day 60 to Day 250) was significant for all plant species. Carbon content in the spring (Day 250) was the highest for flax, and the lowest for oilseed radish and hairy vetch.
A plant species × mulch application rate interaction effect was significant for C content (Table 4) . Across all retrieval dates combined, C loss was 19, 13, and 20% Fig. 1 . Plant species × time × experiment repetition interaction effect on remaining biomass (SE = 0.57%, n = 474). Day 0 was on 31 Aug. and Day 250 was on 7-8 May. Remaining biomass at Day 0 (100%) was not included in the analysis of variance. Fig. 2 . Mulch application rate × time × experiment repetition interaction effect on remaining biomass (SE = 0.57%, n = 474). Day 0 was on 31 Aug. and Day 250 was on 7-8 May. Remaining biomass at Day 0 (100%) was not included in the analysis of variance. greater in mulches of 1.0 kg m −2 than in mulches of 0.5 kg m −2 for field pea, oilseed radish, and sunflower, respectively, and followed the same trend for hairy vetch, flax, and barley (data not shown).
Nitrogen release varied according to plant species (Table 4) . Nitrogen was conserved the most in sunflower, whereas N loss was the greatest in oilseed radish (Table  6 ). Mulch application rate had no effect on N content of the mulches (Table 6 ). Nitrogen concentrations were lower in mulches of 0.5 kg m −2 than in mulches of 1.0 kg m −2 at Days 30 and 60, but were similar at Days 0 and 250 (Table 7) .
Nitrogen content varied greatly over time (Table 4) . Mulches released a large amount (46.4%) of their initial N content after only 30 days of field placement, for all plant species and mulch application rate combined (Table 6 ). Another 5.2% of initial N content was lost from mulches between Day 30 and Day 60 of the Table 4 . Summary of analysis of variance of plant species, mulch application rate, and time for mulch quality parameters, in Experiment A. 
----------------P value----------------
Plant species (P) *** *** *** *** *** Mulch application rate (R) ns y *** * ns ns Time (T) *** *** *** *** *** P × R ns ** ns ns ns P × T *** ** *** ns *** R × T ns ns ** ns ** P × R × T ns ns ns ns ns n 191 140 189 140 190 *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ***Significant at the 0.001 probability level. z Analysis of variance includes Days 0, 30, 60 and 250 for C concentration, N concentration, and C:N. Analysis of variance includes Days 30, 60, and 250 for C and N contents. Transformed data were used to perform ANOVA on C concentration (exponent 4 transformation), N concentration, and C:N ratio (log 10 transformation). y ns, not significant at the 0.05 probability level. y Log-transformed data were used to perform ANOVA, but back-transformed means are presented above.
experiment. About half of initial N content was still present in the mulch on 30 October (Day 60). Significant N release also occurred overwinter, but it represented a loss of only 4.2% of initial N content of mulches. Fortyfour percent of initial N content still remained in the mulches at Day 250 (Table 6) , and may be available for subsequent release to the subsequent crops seeded in the spring or later in the crop rotation. Changes in N concentration over time were less pronounced than those observed for N content. There was a significant decrease in N concentration from Day 0 to Day 30, representing a decrease of 21-37% of initial N concentration, for all plant species except for sunflower (Table 5 ). There were little to no change in N concentration between Days 30, 60, and 250 across plant species or mulch application rate levels (Tables 5 and 7) . N concentration of oilseed radish increased overwinter but stayed unchanged for the other plant species (Table 5 ).
There was no significant change in N concentration overwinter, for either level of mulch application rate (Table 7) .
A significant plant species × time interaction effect was found for C:N ratio (Table 4), indicating that the effect of plant species on C:N differed over time. The highest C:N ratio observed over the duration of the study was 32.0, for flax at Day 60, although not significantly different from C:N of flax at Day 30 (Table 5 ). The lowest C:N ratios were for hairy vetch at Days 0 and 250, with 11.2 and 10.9, respectively. C:N ratios decreased overwinter for all plant species. An interaction between mulch application rate and time was significant for C:N ratio (Table 4) , at Days 30 and 60 (Table 7) . C:N ratios at the end of the study (Day 250) were similar to those at the Analysis of variance for C content does not include Day 0. Transformed data (using exponent 4 and log 10 ) were used to perform ANOVA and means separation on C concentration, N concentration, and C:N ratio, but back-transformed means are presented above. Within same column, means followed by the same letter in italic type are not significantly different from each other according to LSD test at α = 0.05. 
.
Correlations between remaining mulch biomass and mulch quality parameters, in Experiment A Remaining mulch biomass was significantly correlated with a few mulch quality characteristics, although most Pearson correlation coefficients (r) indicated only a weak to moderate relationship (r < 0.5) between both correlated variables (Table 8 ). Initial N concentration (Day 0) was not correlated with remaining mulch biomass in the first 60 days of the study. However, N concentrations at Days 30, 60, and 250 were correlated with remaining mulch biomass across various retrieval dates. Carbon concentration and C:N ratio were correlated to remaining mulch biomass at a few retrieval dates.
Discussion
Effect of plant species on remaining mulch biomass Decomposition varied among the six plant species tested. Decomposition was the fastest with oilseed radish and the slowest with barley (Fig. 1) . Higher k for oilseed radish than barley also confirmed this observation (Table  3) . Initial mulch quality did not explain the differences in decomposition between oilseed radish and barley, since both species had chemical properties similar to at least one other plant species (Table 2) . However, the visual mulch physical properties (e.g. three-dimensional architecture) greatly differed between the two plant species. The importance of mulch quality vs. plant architecture is discussed in a subsequent section.
In organic rotational no-till systems in Manitoba, slow decomposition is a desirable characteristic of cover crop mulches for extended weed control to the subsequent crop. At the time when a farmer would be seeding a cash crop into the cover crop mulches in the spring (Day 250), 73% of barley biomass remained on the soil surface, compared with 55% for oilseed radish, averaged across both experiments (Fig. 1) . Low biomass of oilseed radish mulch in the spring due to its fast decomposition would have the potential to reduce its ability for weed control. This observation was also made in another field experiment conducted in Carman, MB, in which mulches with oilseed radish were found to provide poor weed control due to their fast decomposition, resulting in reduced yields of the spring wheat crop no-till planted into cover crop mulch with oilseed radish ).
Effect of mulch application rate on remaining mulch biomass
A faster decomposition in mulches of low application rate was found in Experiment B, and this observation is consistent to that of other studies (Stroo et al. 1989; Steiner et al. 1999) . Microbial decomposition would have been favored in mulches of low application rate, since the proportion of total mulch in direct contact with the soil surface and its microbial population is expected to be greater in mulches of lower application rate than of greater application rate, enhancing soil-driven decomposition processes in mulches of 0.5 kg m −2
. Also, air temperature and GDD in the fall were greater during Experiment B than Experiment A. Therefore, mulch decomposition by microorganisms may have been greater in Experiment B than Experiment A, since microbial activity and mulch decomposition is positively Log-transformed data were used to perform ANOVA and means separation on N concentration and C:N ratio, but back-transformed means are presented above. Within same column, means followed by the same letter in italic type are not significantly different from each other according to LSD test at α = 0.05. . A greater proportion of total mulch was exposed to sun radiation in mulches of lower application rate compared with those of greater application rate. Therefore, UV-B radiation would be absorbed principally by the top layer of mulch, leaving the majority of mulch in great application rate mulches protected from UV-B degradation, reducing its degradation (Henry et al. 2008) . Although microbial degradation is often a driver of litter decomposition more important than the abiotic process of photodegradation (Henry et al. 2008; Austin and Ballaré 2010) , photodegradation may be the dominating process of decomposition in environments with limited moisture availability and where decomposition by microorganisms is not favored, like in arid grasslands (Parton et al. 2007) .
It is still unclear why 1.0 kg m −2 mulches decomposed faster than 0.5 kg m −2 mulches in Experiment A (Fig. 2 and Table 3 ). A hypothesis explaining this observation is that mulches of great application rate dry more slowly than mulches of lower application rate. Decomposition is strongly affected by soil moisture, and mulch moisture also enhances its decomposition (Murphy et al. 1998; Manning et al. 2008) . By conserving moisture better, mulches of great application rate would decompose faster than mulches of low application rate. Wells (2013) also found greater decomposition in rye mulch of high rate. He also attributed this paradoxical observation to the improvement to the environmental conditions in mulches of high residue rate, which would have enhanced decomposition of rye mulches by providing optimal microclimatic and edaphic conditions.
Effect of mulch application rate on mulch quality
Very few studies have explored the effect of mulch application rate on mulch quality in ecosystems, particularly in agricultural systems. The present study showed that mulch quality was affected by mulch application rate. Higher application rate of mulch had greater N concentration, at Days 30 and 60, than mulches of low application rate (Table 7) . One hypothesis explaining this observation may be the conservation of some N within the layers of mulches of great application rate. As Nrich water-soluble compounds leach from the top layer of the mulch (Berg and Laskowski 2006) , some of these leachates would be transferred to the lower layer of the mulch. In mulches of low application rate, this N would be transferred more quickly to the soil environment. This low N concentration in mulches of low application rate resulted in greater ratios of C:N in mulches of low application rate than in mulches of great application rate for those same dates (Days 30 and 60; Table 7 ).
N release from cover crop mulches
Mulch biomass losses in the first month after field placement (31 Aug.-30 Sept.) were high (12-28%, Figs. 1 and 2). Teasdale and Mohler (2000) reported a similar loss for legume mulches of hairy vetch and crimson clover (Trifolium incarnatum L.), with a third of the mulch mass lost in the initial month of their study. In the present study, this rapid mass loss translated into changes in mulch quality. Many changes in mulch , respectively. This N release was attributed to the leaching of water-soluble compounds from the mulch, described by Berg and Laskowski (2006) as the first phase of N dynamics in decomposing litter. This rapid nutrient release is not caused by microbial decomposition, but rather by water movement (e.g., rainfall) and freezingthawing cycles. The lack of correlation between remaining biomass at Day 15 and the initial N concentration ( Table 8 ) may indicate that N soluble compounds were leached in the same proportions for all species in the first 30 days, because of the overall high initial N concentration (2.3-4.8%) of most mulches. This is supported by the significant decrease of N content between in the first 30 days for all species (Table 6) , and the lack of interaction between species and time for N content ( Table 4) , suggesting that all plant species leached N in same proportion.
This early N release was also reflected in the increase in C:N ratio between Day 0 and Day 30 for most mulches (Table 5) , which indicated that more N than C was released from the mulch during that period. Drinkwater et al. (2000) also observed an increase in C:N ratio of hairy vetch residues over the 5 mo of their litter bag decomposition study. In the present study, the effect of time on C:N ratio varied over species, with barley and sunflower being the only species that did not experience an increase in its C:N ratio between Day 0 and Day 30. This may be attributed to their low initial N concentration, compared with most other species tested (Table 2) . Berg and Laskowski (2006) also observed that plant species and their physical properties affected the intensity of N leaching from litter.
This release of N from cover crop mulches between 31 Aug. and 30 Sept. occurred at a time that is not desirable in an organic rotational no-till system in Manitoba. Cash crops are grown in the mulches only the following spring, hence the nutrients released in the fall are subject to losses. Optimizing the timing of net mineralization of the mulches with crop nutrient uptake is an important step to make the organic rotational no-till system more sustainable. In a study conducted by in Manitoba, most spring-seeded cover crop mulches tested started to decompose and release their nutrients in mid-summer, after rolling with a rollercrimper. However, mulches with hairy vetch were found to be resistant to the action of the roller-crimper in midsummer, and continued to grow until freeze-up in latefall. Hence, mulches containing hairy vetch continued to take up nutrients until late October, limiting the period for nutrient losses in the fall. Another option to limit N losses in mulches without hairy vetch would be to grow a no-till planted winter annual cash crop or a catch crop in the fall to utilize the released N.
Net N immobilization
Net N immobilization, that is an increase in the mulch N content above its initial content, was not observed in the present study, for any of the six plant species of cover crop tested. Nitrogen content of mulch did not increase above its initial N content over the duration of the study (Table 6) , suggesting there has been no net N inflow into the mulch. Although we cannot discard the possibility that N immobilization may have occurred in between retrieval periods, it is most likely that decomposer organisms met their N requirement directly from the mulch without having to immobilize soil N. Mulches in the present study had high initial N concentrations (2.3-4.8%), as well as low initial C:N ratio (11.2-23.0). A 10 yr decomposition study conducted in 21 sites from seven biomes concluded net N release started when mulch C:N ratio was less than 40 (with a range of 31 to 48; Parton et al. 2007 ). Mulder et al. (1969) established the C:N ratio limit for net N accumulation or release to be 25. In a study by Frey et al. (2000) , transfer of N from mineral soil to winter wheat (Triticum aestivum L.) straw residues on the soil surface occurred via fungal N translocation, and it was the cause of the net N immobilization by surface residues decomposing in the field. C:N ratio of winter wheat residues reported by Frey et al. (2000) ranged between 41 and 187, considerably higher than those of cover crop mulches tested in the present study. In the present study, initial C:N ratios of mulches ranged between 11.2 and 23.0, thus N was not limiting for microbial growth and mulch decomposition, for any of the plant species tested. Moreover, C:N ratio of plant species tested varied over the course of the study, and C:N ratio of flax at Day 30 and Day 60 reached the highest level (31.3 and 32.0, respectively) of all species × time combinations during the study (Table 5 ). However, no net N accumulation was observed for flax or any other plant species at anytime of the study. This has important implications for soil fertility management and plant nutrition in cover crop-based organic rotational no-till systems.
Mulch quality parameters as predictors of decomposition
Nitrogen concentration was a good indicator of mulch decomposition in the present study as N concentration was negatively correlated with remaining biomass (Table  8) . C:N ratio was also a suitable index of substrate quality for cover crop mulch decomposition, whereas carbon concentration was poorly correlated to remaining biomass. Taylor et al. (1989) also found N concentration to be the best predictor of mass loss rates, along with C:N ratio, and N concentration to be a better predictor of decomposition than lignin:N ratio. In their study, N concentration of plant material ranged between 0.5 and 1.3%, and was considerably lower than the values in the present study (2.3-4.8%).
Mulch quality may not be the only predictor of decomposition rates. Plant architecture seems to play an important role in mulch decomposition. Physical description of mulch such as the mulch area index described by Teasdale and Mohler (2000) may be more useful than mulch quality to describe decomposition. A move away from litter chemistry to explain litter decomposition of surfaceapplied residues has been recommended (Ruderfer 2003) . Ruderfer advocated that litter structure plays a greater role than litter chemistry, since microbial growth is dictated by habitat rather than nutrient supply in plant material decomposing on the soil surface. In the present study, the architecture of oilseed radish may explain its high decomposition constant better than its chemical characteristics. Oilseed radish had an average N concentration and C:N ratio (Table 2) . However, the hollow stem of oilseed radish offered a large surface area for microbial colonization, which may explain its high decomposition rate.
Hairy vetch as a key cover crop species in organic rotational no-till
In organic rotational no-till systems in Manitoba, pure hairy vetch and hairy vetch -barley mixture have been identified as the most suitable cover crop mixture to create a mulch . Hairy vetch had the highest initial N concentration of all six cover crop species tested (4.8%, Table 2 ), similar to those reported by Drinkwater et al. (2000) and Puget and Drinkwater (2001) . Hairy vetch's high N concentration combined with its resistance to the crimping action of the rollercrimper and its ability to accumulate high biomass until late fall when spring-seeded in Manitoba make hairy vetch a desirable species to be included in cover crop mulches . Contrary to the other five summer annual cover crop species tested, spring-seeded hairy vetch never entered into its reproductive stage. Therefore, it was fully resistant to the action of the roller-crimper and it kept growing until late fall. Spring-seeded hairy vetch winter-killed in Manitoba. In the following spring (Day 250), at the time of no-till seeding the subsequent crop into the mulch, 65.2% of N still remained in hairy vetch mulch, to be released in subsequent weeks and months. However, more research is needed to improve the synchrony between N release from N-rich mulches with hairy vetch and the N requirements of the subsequent crop seeded into mulches with hairy vetch.
Conclusions
This research shed some light on the effect of plant species and mulch application rate on the decomposition of cover crop mulches. Among the six plant species of cover crop mulches tested, barley decomposed the slowest and oilseed radish decomposed the fastest. The effect of mulch application rate on mulch biomass varied over time and among experiment repetitions. Good predictors of cover crop mulch decomposition were N concentration and C:N ratio. The quick release of N from the cover crop mulches observed in the first 30 days of the experiment occurred at a time when no cash crop was growing into the mulches. Therefore, additional agronomic field research is needed to better synchronize the N release from cover crop mulches to the cash crop N requirement, and to reduce N loss to the environment.
